We study the one loop new physics effects to the CP even triple neutral gauge boson vertices γ ⋆ γZ, γ ⋆ Z Z, Z ⋆ Z γ and Z ⋆ Z Z in the context of Little Higgs models. We compute the contribution of the additional fermions in Little Higgs models in the framework of direct product groups where [SU (2) × U (1)] 2 gauge symmetry is embedded in SU (5) global symmetry and also in the framework of simple group where SU (N ) × U (1) gauge symmetry breaks down to SU (2) L × U (1). We calculate the contribution of the fermions to these couplings when T parity is invoked. In addition, we re-examine the MSSM contribution at the chosen point of SPS1a' and compare with the SM and Little Higgs models.
I. INTRODUCTION
Multiple gauge boson production channels at the Large Hadron Collider (LHC) provide a novel opportunity to probe the trilinear and quartic gauge boson couplings [1] . The proposed International Linear Collider (ILC) will be much more sensitive to these couplings due to its clean environment and fixed center of mass energy [2] . Availability of high luminosity in both these colliders gives us an unique facility to understand the non-Abelian gauge structure of the Standard Model (SM) and confront the presence of the new physics above the weak scale. The charged W W γ and W W Z couplings have been extensively studied and theoretical predictions in the context of SM and the minimal super-symmetric standard model (MSSM) have been made [3] . The neutral gauge-boson couplings Zγγ, ZZγ and ZZZ which can be studied in Zγ and ZZ pair production in e + e − and in hadron colliders through e + e − → Zγ, ZZ and→ Zγ, ZZ respectively have been analyzed within the SM and MSSM [4, 5] . Recently
Armillis et. al. [6] performed a detailed study of the trilinear gauge boson interactions with additional anomalous U(1)'s, which arises in the construction of various string motivated and large extra dimension models. The model independent analysis of the neutral gauge boson couplings for hadron colliders exits in the literature [7] and has been also recently studied with the Tevatron Data [8] . Recent LEP studies on the triple gauge boson couplings have been made in references [9] .
The forthcoming experiments at the LHC and proposed ILC offer the exciting prospect of probing physics beyond SM. In particular if super-symmetry exists in nature, there will be a real possibility of discovering super-symmetric partners. As is well known super symmetry (SUSY) provides an elegant solution to the Hierarchy problem in the SM by canceling the quadratic divergence arising in the Higgs mass due to the contributions of SM particles by the contributions from their super partners.
new heavy fermionic sector required to cancel the quadratic divergence contribution coming from the top quark. The second implementation has a simple group structure and has an additional model parameter. The Littlest Higgs model (LH) [11] is a minimal model of the product group class which accomplishes this task to one loop order within a minimal matter content. SU(3) simple group model [14, 15 ] is a representative model of the second class.
The SU(3) gauge symmetry in this model forces the introduction of heavy partners with each SU(2) L fermion doublets of the SM. This model has an extra parameter. Both these models however, suffer from severe constraints [16, 17, 18] from precision electro-weak measurements which can be satisfied only by tuning the model parameters once again and thus introducing what is called a little hierarchy problem.
Motivated by these considerations, an implementation of a discrete symmetry called T-parity is proposed. T-parity explicitly forbids any tree-level contribution from the heavy mass states to observables involving only the SM particles. It also forbids the interactions that impart vev to triplet Higgs, thereby generating the corrections to precision electro-weak observables only at the one loop level. In this little Higgs model with T-parity (LHT) [19] there are heavy T-odd partners of the SM gauge bosons and SM fermions called mirror fermions. In the top quark sector, the model incorporates two heavy T-even and T-odd top quarks in addition to the T even SM top quark, which are required for canceling the quadratically divergent contribution of the SM top quark to the Higgs mass. The LHT has rich phenomenology and the LHC has great potential to unravel it by directly observing the T-partners of the SM particles as well as by studying indirect phenomenological consequences [20, 21] .
In this paper we study the CP conserving trilinear neutral gauge-boson couplings in little Higgs models and MSSM as discussed above. In section II, we evaluate one loop fermion contribution to these three point functions when one of the gauge bosons is off-shell and in section III, we analyze and interpret the numerical results.
II. NEUTRAL GAUGE-BOSON COUPLINGS
Bose-Einstein statistics render the three neutral gauge-boson couplings γγZ, γZZ and ZZZ to vanish when all the three vector bosons are on shell. The most general CP conserving coupling of one off-shell boson V ≡ Z/ γ to a pair of on-shell Zγ and ZZ gauge bosons (all incoming)
can be written as (see Ref. [5] )
In order to evaluate these couplings, we write the interactions of the vector boson V ≡ γ, Z with fermions in the standard notation
For V ≡ γ, we have g L ij = g R ij = δ ij e q i , q i being the charge of fermion f i . For V = Z, the couplings g L and g R in various models are listed in Table IV 
B. MSSM
The MSSM contribution to the trilinear neutral gauge couplings has been calculated in the references [4, 5] . Charginos contribute to all the four anomalous couplings where as the neutralinos contribute only to the F Z 5 . We re-calculate the MSSM contribution in the light of the reference point SPS1a' which is defined at a characteristic scale of 1 TeV with its origin in minimal super-gravity (mSUGRA) [25] . The root GUT scale mSUGRA parameters in this reference point SPS1a' are the gaugino mass M 1/2 = 250 GeV, the universal scalar mass M 0 = 70 GeV, the trilinear coupling A 0 = −300 GeV, tan β(M) = 10 and sign(µ) = +1. Extrapolating 
where
, λ 1 and λ 2 being the couplings that appear in the heavy quark sector of the interaction lagrangian. The interactions of the left and right handed fermions with the Z boson in this model can be found in the reference [23] and can also be realized from the LHT couplings given in the Table   IV by retaining only the leading terms in v/f because of the large scale factor requirement from precision electro-weak data.
The second class of little Higgs models feature a simple group that contains an SU(N)×U (1) gauge symmetry that is broken down to SU ( The electric charge of the heavy third generation quark T is +2/3 and all the heavy leptons N i of three generations are electrically neutral. The masses of these heavy fermions are given in terms the parameters of the model, namely,
where t β ≡ tan β = f 2 / f 1 is an additional parameter in the simple SU(3) model and
. In these expressions effect of light quark masses is neglected and the neutrinos are taken to be mass less. Constraints from electro-weak precision measurements require the breaking scale f to be greater than 5 TeV in the Littlest Higgs Model. This constraint can however be brought down to about 2 − 3 TeV ( See for example Ref. [23] ). In the anomaly free SU(3)-simple group [18] , the constraint on the scale is f > 3.9 TeV for t β = 3. The scale f can only be marginally brought down by slightly different realization [24] . In these two classes of models T mass has a lower bound given by
in the Littlest Higgs model and
in the SU(3) simple group model.
We calculate the contributions to the trilinear gauge boson couplings in the LH model.
Unlike SM, here the contribution to these couplings also comes from the triangle graph with both the SM top t and heavy top T simultaneously present in the loop because of the presence ofT Zt coupling. The couplings relevant for our study can be read out from the Table IV of the Appendix.
In Table I , we give the values of real and imaginary parts of all four trilinear neutral gauge couplings as a function of symmetry breaking scale f for fixed ratio r = (Table IV) .
The Table II lists the values of the couplings for the anomaly free SU(3) simple group Model.
All values correspond to tan β = r = 3, scale f = 3 TeV and m t = 175 GeV. At these values of the parameters, the mass of heavy top is M T = 1.8 TeV and masses of all other heavy fermions have been taken to be M i = 3 TeV. As expected, the threshold values at 2m t has roughly the same magnitude as that in the SM. At higher Q 2 , the effect of new heavy fermions shows up but the threshold values are an order of magnitude lower than that at the 2m t threshold.
However, at these Q 2 , the SM contribution is negligible. In Fig. 1 we have shown this behavior of couplings as a function of Q 2 . The values of various parameters are the same as given in Table II but the mass of heavy fermions U and N which are taken to be 2 TeV each in the figure. 
In addition to the contribution from SM fermions in the loop, we now get additional contri- . Not only the imaginary part becomes appreciable at high Q 2 but also the threshold values of the couplings at Q 2 = m t + m T + are higher than those at Q 2 = 2m t and are comparable to the SM values. This is clearly brought about in Fig. 2 where we have plotted the real and imaginary parts of the couplings H 
III. RESULTS AND DISCUSSION
We calculate the one-loop contribution to the CP-conserving trilinear neutral gauge boson couplings in SM, MSSM and the two classes of Little Higgs Models for various parameters of the models. The Q 2 variation of the real and imaginary parts of the couplings in all the four models is shown in Fig. 3 and 4 . Values at some typical Q 2 are also given in the Tables I, II and III for different values of parameters of the model for the Little Higgs Model with T-parity and for the SU(3) Model with anomaly free embedding. Certain features are common to all these graphs which we note here. All couplings vanish asymptotically for large Q 2 compared to the highest fermion mass in the theory. This is ensured by the anomaly cancellation in the models considered. The relative importance of the real and imaginary parts of the couplings is strongly energy dependent. As expected and explained in Sec. II, below the 2m t threshold, the imaginary parts of all the couplings are negligible. At and above this threshold the imaginary parts become comparable or even dominant in comparison to the real parts. This behavior is shared by the couplings in all the models considered. We have made theoretical prediction of these couplings for the model parameters which are constrained by the electro-weak precision measurements. The large s-channel contributions in the Z Z and Z γ production at the LHC due to the anomalous triple gauge boson couplings, could be the first indirect manifestation of new physics. The Z Z cross-section will be measured at the start up of LHC with a significance of 4.8 at the 1 fb −1 integrated luminosity and expected to suffer only a total of 12.9% uncertainties which include the PDF and QCD uncertainties [1] .
However, a the precise measurement of the triple gauge boson couplings will only be possible with a 10 fb −1 luminosity. Our analysis presented above allows us to confront and discriminate among various models considered here on the basis of these couplings. Let us consider the vertex:
where V i ≡ γ, Z and p 1 + p 2 + p 3 = 0. As for the CP conserving ones, to one-loop order, only the fermions in the theory contribute. In 
with P L,R = (1 ∓ γ 5 )/2. Throughout our analysis the momenta p 1 and p 2 denote same kind of bosons, say V 
ca .
(A2)
Here m i , i = a, b, c, are the masses of the internal fermions f i . The loop contribution with three distinct internal fermions f a , f b , f c having masses m a , m b and m c , respectively, corresponding to the direct diagram of Fig. 5(a) is proportional to ǫ αβµη and can be parameterized as
The contribution of exchange diagram with three distinct fermions f a , f b , f c as shown in 
where N f is the total number of flavors, C f is the color factor of the fermion in the loop and κ is the over all loop factor. Since electromagnetic interactions at two vertices forbids any flavor mixing, the above summation can be re-written as 
